This paper presents a sizing and siting model for distributed generators (DGs) and energy storage systems (ESS) towards the design of a cost-efficient and reliable microgrid considering electric vehicles (EVs). The proposed model exploits the coordinated energy dispatching of DGs, ESS, and EVs, aiming at minimizing the overall planning and operating cost as well as meeting power supply reliability requirements. This issue is addressed in a two-stage framework. The upper stage determines the sizes and sites of candidate DGs and ESS, and the lower stage optimizes the microgrid's economic power dispatch. Since the two-stage model contains both planning and operational variables, a two-stage iterative heuristic algorithm is designed. The effectiveness of the proposed approach is validated by case studies, and corresponding results demonstrate that the planning approach that considers coordinated management of an EV fleet and economic power dispatch of microgrid achieves better economics. In addition, the suggested approach can also better match distributed generation and power demands as well as securing microgrid power supply.
Introduction
The DG and ESS planning (DEP) problem has been addressed in many previous studies with different objectives, such as minimizing investment and operating cost [1] [2] [3] , minimizing power losses and improving voltage profile [4, 5] , improving power supply reliability [6] , or a combination of the above [7, 8] . Among the objectives of the DEP in a microgrid, power supply reliability is one of the most compelling. Although power supply concern is not critical in connected operation, it is still vital to take into account probable islanded operation where the microgrid must maintain a specific power supply reliability independently. From an economic perspective, DEP in a microgrid is to determine the capacity and placement of candidate DGs and ESS that satisfies the load demand as well as operational constraints with minimum comprehensive cost. As a non-negligible component of the comprehensive cost, microgrid's expected operation cost under the planning scheme should also be considered, which can be reduced by exploiting electricity price fluctuations and harnessing excessive renewable energy through optimal power dispatch [9, 10] . Given this, economic power dispatch is of great importance for a microgrid's planning economy. Furthermore, since a microgrid's power dispatch strategy correlates with the capacity of DGs and ESS, both of which are to be determined in the planning stage, consideration of economic power dispatch within DEP necessitates the design of an effective solving strategy for the DEP problem.
In fact, fluctuating load demand and volatile output of renewable DGs will increase the complexity of the planning problem [1, 7] . In such a case, increasing penetration of EVs and consequent EV demand dispatch is based on a predefined capacity, and impact of ESS capacity on electricity cost is studied. However, since ESS power dispatch is directly related to the capacity of DGs and ESS, both of which are to be determined in the planning stage, consideration of ESS's economic power dispatch as a co-scheduling problem in DEP presents a challenge to the design of an effective solving strategy for the DEP problem.
Compared with former planning studies, the difficulty of DEP in a microgrid considering plug-in EVs lies in three aspects: (1) Appropriate utilization of standby EV batteries for power regulation in conjunction with DGs and ESS; (2) Economic power dispatch of the microgrid in the planning stage;
(3) Coordination of microgrid power dispatch with DGs, ESS, and EVs to compromise a cost-efficient and reliable DEP scheme that satisfies both connected and islanded operation constraints. To tackle the above issues, this paper proposes an approach for DEP in microgrid considering energy management of EVs and microgrid economic power dispatch. The contributions of this paper are summarized as follows:
1.
A new incentive price mechanism is proposed to assess EV fleet's charging demand, discharging power and available islanding V2G capacity. The proposed price-based management strategy and islanding V2G capacity evaluation method guide EVs' charge and discharge with price signals, with due consideration of EV users' initiative, interest, charging expectation, and battery status.
2.
An economic power dispatch strategy for ESS considering purchasing and selling electricity price difference is integrated in the DEP model. Given that the capacity of DGs and ESS are to be determined in the deployment stage, economic power dispatch of ESS is solved as a sub-problem within the DEP problem. Further consideration of price difference enables the economic power dispatch strategy to apply to different electricity pricing schemes.
3.
A DEP approach that integrates with EV energy management and ESS power dispatch is presented. The approach takes into account both connected and islanded operation, and interactive power limit and power supply reliability constraint are particularly considered. EVs' coordinated charging demand, discharging power and ESS's economic power dispatch are considered in connected operation. Islanding V2G serves as an ancillary power supply in islanded operation. A bi-level heuristic algorithm is designed to determine the sizes and sites of DGs and ESS as well as the economic power dispatch of ESS.
The remainder of the paper is organized as follows: Section 2 presents the energy management strategy for EV and the economic power dispatch strategy for microgrid. DEP model and solving techniques are described in Section 3. Case studies, results, and discussion are included in Section 4. Finally, Section 5 concludes the paper.
Problem Formulation

Coordinated Charge and Discharge of EVs
The charging and discharging of EVs can be considered as power loads and power supplies, respectively, when connected to the microgrid. In order to investigate the impacts and economical potentials of EV penetration on microgrid planning and operation, in this work, we exploit a microgrid with general load, distributed generation, and energy storage, as well as EVs.
A price-based coordinated dispatching method of EVs is presented in detail as follows. We assume that all EV users in the microgrid are rational and sensitive to electricity price. EVs' charge and discharge through chargers that collect SOC data on the battery from the battery management system. After users input their foreseen parking time, chargers will display the estimated charging and discharging prices in the coming hours, and a cost-efficient strategy will be generated to commence EVs' charge Energies 2019, 12, 2293 4 of 17 and discharge. A centralized incentive price mechanism is employed to coordinate EVs' charge and discharge, and the charging and discharging price for EVs are formulated as:
Through the above mechanism, the charging and discharging prices for EV fleet are correlated with general load demand and EV fleet's charging and discharging power. EVs' charging and discharging prices are increased in load peak hours and decreased in load valley hours, so as to encourage EV users to shift the charging demand to load valley hours and offer peak shaving support via V2G in load peak hours. Meanwhile, intensive EV charge will result in higher charging prices, and concurrent EV discharge will lead to lower discharging prices. So, the mechanism can also ensure that not all price-sensitive EV users start charging or discharging in the same timeslot, thus avoiding grid contingencies, such as overloads and voltage drops. EV users initiatively adjust their charging and discharging plans on an hourly basis to reduce charging costs and obtain discharging profits. The objective is to minimize EV fleet's daily charging cost, which is the difference of the EV fleet's charging cost and discharging profit:
Subject to:
It is assumed that all EVs are equipped with unified batteries, which possess same rated capacity, charging and discharging power, and efficiency. In fact, different types of EVs have different rated capacity of battery, charging and discharging power, and efficiency. The chargers will collect the data on the EVs' battery from the battery management system and a cost-efficient strategy will be generated to commence the EVs' charge and discharge. In any case, each EV follows the above model. The difference in parameters between different types of EVs does not affect the feasibility of DEP results. Inequation (4) indicates that EV batteries' charging and discharging power are limited to the rated one. Constraint (5) and (6) ensure that EV batteries operate within an acceptable SOC range to prevent over charge and discharge, and all EVs should be fully charged. Since it is not feasible for EVs to simultaneously charge and discharge in the same timeslot, inequation (7) is necessary to ensure this operation constraint. Equation (8) indicates that power exchange between EVs and the microgrid is only possible in parking hours, and EVs' charging and discharging power are 0 when departing.
Economic Power Dispatch of Microgrid
We assume that Maximum Power Point Trackers are used in distributed generation systems. In such case, the economic power dispatch of microgrid is to coordinate distributed generation, ESS output and interactive power with general load and EV demand. In detail, microgrid management system formulates an economic power dispatch strategy that optimizes ESS's charging/discharging power and power exchange with utility grid based on the supply-demand relationship and time-of-use electricity price to minimize the comprehensive operational cost, while meeting electrical load demand and satisfying operating constraints. The comprehensive operational cost is the difference between operational cost and income. The operational cost includes maintenance cost of DGs and ESS, power purchasing cost from utility grid as well as peak regulation service cost and ancillary service cost paid to EVs. The operation income comprises residential load supply income, EV demand supply income and selling electricity to utility grid income. Therefore, the objective of microgrid economic power dispatch can be expressed as:
C m represents the maintenance cost of DGs and ESS, which is assumed to be proportional to DGs' generating power and ESS's charging and discharging power. C pg is the purchasing power cost form utility grid. C pr and C sc are the peaking regulation cost in connected mode and ancillary service cost in islanded mode. C rsi and C esi indicate the income by supplying general load and EV demand. C sg is the income by selling electricity to utility grid. Above functions can be calculated by:
C pg = 24 t=1 TOU t P g,t ∆t, P g,t ≥ 0 (11)
The inputs of the economic power dispatch problem include time-of-use electricity prices, DG and ESS capacity, sequences of total load demand and distributed generation. The decision variables are the charging and discharging power of ESS and interactive power between microgrid and utility grid. In the planning stage, capacity of DGs and ESS are both variables that have a direct impact on power dispatch, whilst economic power dispatch in turn influences the operational and electricity cost of microgrid and consequently the economy of DEP. To tackle such interaction, economic power dispatch To solve the economic power dispatch problem, the following constraints are considered:
1. Power balance and interactive power limit in connected operation: interactive power is limited by flow limits of the line connecting microgrid to the utility grid.
Other power flow constraints including reactive power balance, node voltage limits and branch power flow limits are also considered but not presented in this section.
Operation constraints of ESS
Inequation (20) indicates that the charging and discharging power of ESS is limited to the rated power, which is in proportion to the number of ESS. Constraint (21) prevents ESS from over charge and discharge. To assure ESS's sustainable operation, Equation (22) prescribes that the expected SOC of ESS at the end of an operation cycle should be the same as the initial one. Inequation (23) ensures that ESS does not charge and discharge simultaneously. Constraints (4)-(8), (20)-(23) also apply to EVs and ESS in islanded mode.
Besides, as microgrid operates in islanded mode when it disconnects from utility grid, islanded operational constraints should also be considered, which is discussed as follows.
Islanded Operation
When switching from connected mode to islanded mode, microgrid dispatches distributed generation, ESS discharge and EVs' ancillary services to maintain load power supply. The time scope of this paper is a day of 24 hours, namely, 24 time intervals. Each time interval starts from sharp to sharp. It is presumed that islanded operation begins at the start of each time interval and lasts for 1 hour. When distributed generation cannot satisfy total load demand, charge of EVs and ESS will be To solve the economic power dispatch problem, the following constraints are considered:
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Islanded Operation
When switching from connected mode to islanded mode, microgrid dispatches distributed generation, ESS discharge and EVs' ancillary services to maintain load power supply. The time scope of this paper is a day of 24 hours, namely, 24 time intervals. Each time interval starts from sharp to sharp. It is presumed that islanded operation begins at the start of each time interval and lasts for 1 hour. When distributed generation cannot satisfy total load demand, charge of EVs and ESS will be terminated to reduce power supply pressure, and load might be curtailed to further tackle the power imbalance. In this case, islanding power supply probability (IPSP) is introduced to estimate the proportion of base load supplied in islanded operation, which is formulated as follows:
IPSP t is adopted as the index of islanding power supply reliability in this paper. Microgrid imposes specific requirements on IPSP, i.e., IPSP req , which should be satisfied in probable islanded operation:
Given that ESS is invested by microgrid, ESS should share the responsibility for durable power supply and discharge in priority if load demand cannot be satisfied by distributed generation. But EV users may not be willing to provide ancillary services due to the risk of unavailability in later use. As mentioned in Section 3, microgrid provides EV users with high ancillary service subsidy, and rational EV users will weigh the potential risks and rewards. Therefore, we assume that all EV users without travel demand are willing to provide ancillary service via discharge and delay charge to gain a considerable profit. Sensitivity analysis on EV users' participation rate is presented in Section 5.
Planning Model
Objective Function
The capacity of DGs and ESS is discretized at a fixed step, i.e., the capacity of DG and ESS unit. Sizes and sites of candidate DGs and ESS are determined by minimizing the comprehensive cost, which is the sum of investment cost of DGs and ESS and expected operational cost of microgrid. Investment cost comprises DGs and ESS's capital cost and installation cost. Since the time scope of this paper is a day of 24 hours, the capital cost and installation cost is normalized in Yuan/day, taking into account the depreciation rate and lifespan of DGs and ESS. So, the objective can be expressed as:
where f P ch E,t , P dch E,t , P g,t represents the expected operational cost of microgrid with DGs and ESS, which is calculated from the economic power dispatch model. And capital cost and installation cost can be calculated by:
The planning model is subject to the following constraints:
where N min E,n and N max WT,n , N max PV,n , N max E,n are the minimum and maximum installation units of DGs and ESS at node n. The maximum installation units of DGs and ESSs are determined by the structure of the microgrid and its allowing maximum power flow. The minimum installation units of ESSs are due to practical consideration, since, in reality, there's a minimum capacity that should be satisfied to form a real and serviceable energy storage system. The installation units of DGs and ESS are also subject to other factors, such as available space and local policies. Inequation (29) prescribes that the number of DG and ESS units installed at each node should be within the limit.
Modelling and Solving
DEP in microgrid considering plug-in EVs is a constrained non-linear optimization problem. Firstly, EV's coordinated management model is established in AMPL (A Modeling Language for Mathematical Programming) and solved with MINOS solver. Combining EVs' charging demand, discharging power and SOC with load profile, distributed generation profile and line data, DEP model is established in MATLAB (A software produced by MathWorks, USA). A two-stage heuristic algorithm is designed to solve the model, within which particle swarm optimization (PSO) is adopted to solve the DEP problem due to its simple implementation and fast convergence ability. PSO adopts linear decreasing inertia weight to adjust the global and local search ability, and a constant constriction factor is adopted to insure convergence of the algorithm. Given that the number of DGs and ESSs as well as the nodes DGs and ESSs are placed at are both integers, integer encoding is employed in PSO. Each particle represents a planning scheme, which contains the size and site information of the DGs and ESS. Meanwhile, sequential quadratic programming (SQP) is adopted to optimize microgrid's economic power dispatch. Detailed implementation of the two-stage heuristic algorithm is depicted in Figure 2 . to form a real and serviceable energy storage system. The installation units of DGs and ESS are also subject to other factors, such as available space and local policies. Inequation (29) prescribes that the number of DG and ESS units installed at each node should be within the limit.
DEP in microgrid considering plug-in EVs is a constrained non-linear optimization problem. Firstly, EV's coordinated management model is established in AMPL (A Modeling Language for Mathematical Programming) and solved with MINOS solver. Combining EVs' charging demand, discharging power and SOC with load profile, distributed generation profile and line data, DEP model is established in MATLAB (A software produced by MathWorks, USA). A two-stage heuristic algorithm is designed to solve the model, within which particle swarm optimization (PSO) is adopted to solve the DEP problem due to its simple implementation and fast convergence ability. PSO adopts linear decreasing inertia weight to adjust the global and local search ability, and a constant constriction factor is adopted to insure convergence of the algorithm. Given that the number of DGs and ESSs as well as the nodes DGs and ESSs are placed at are both integers, integer encoding is employed in PSO. Each particle represents a planning scheme, which contains the size and site information of the DGs and ESS. Meanwhile, sequential quadratic programming (SQP) is adopted to optimize microgrid's economic power dispatch. Detailed implementation of the two-stage heuristic algorithm is depicted in Figure 2 . 
Case Studies
Parameters
Nominal capacity of the 14-node FREEDM microgrid adopted in this paper is 1 MW. Interactive power limit between the microgrid and utility grid is 500 kW. The minimum installation units of DGs at each node are set to 0, while the maximum of DGs at each node are 40. If a node needs to install ESS, the minimum installation units of ESS are 1 while the maximum are 35. Typical forecasted wind and photovoltaic generation profile along with load curve is shown in Figure 3 , where the values represent the hourly capacity factors of WT and PV. The EVs are the principal part of DR in this paper. The time-of-use electricity price is used for the residential load and power exchange between microgrid and utility grid. Peak/ordinary/valley electricity price in Table 1 is utilized as the time-of-use electricity price for power exchange between microgrid and utility grid. Peak/valley electricity price for residential load is presented in Table 2 . Microgrid load data are shown in Table 3 . Capacity and cost of WT, PV, and ESS are shown in Table 4 . The initial SOC of the ESS is 50%. The available SOC range of the ESS is [20%, 90%]. Given the consideration of probable islanded operation, the lower bound of the SOC of the ESS in connected operation is increased to 35%. Rated charging and discharging power and efficiency of ESS unit are 10 kW and 90%, respectively.
There are 60 EVs in the microgrid area with charging demand. EVs' parking percentage on a workday in [11] is adopted, and the corresponding estimated parking duration, departure time, and average power consumption per departing hour are generated considering the randomness in practical use [23, 24] . In order to approximate the spatial distribution of EVs, each EV is randomly assigned a destination for each travel, and it is assumed that the EV departs from the current charging station and arrives at the destination charging station after the departing duration. Rated capacity of EV battery is 64 kWh. To avoid over charge and discharge, the available upper and lower limit of EV battery's SOC are set to 95% and 20%, respectively. The EV battery's rated charging and discharging power and efficiency are 7 kW and 90%, respectively. Considering the randomness in the EV battery's initial SOC, Monte Carlo stochastic simulation is used to generate each EV's initial SOC, which is presumed to conform to a normal distribution N (0.5, 0.42) within the available SOC range. EVs charge and discharge through battery chargers in charging stations deployed at nodes 5, 7 and 11.
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Microgrid Total Load Profile
With regard to the incentive price mechanism for EVs, reference load demand P o and reference electricity price C o in (1) and (2) are set as 230 kW and 0.356 Yuan/kWh, which are the minimums of general load and purchasing electricity price, respectively. Coefficient C ks in this paper is set as 0.186, thereby matching the minimum electricity prices for both general load and EV load. In consequence, though EV's hourly charging prices during valley hours are raised slightly from 0.356 Yuan/kWh to a maximum of 0.585 Yuan/kWh, the charging prices in ordinary hours are decreased from 0.744 Yuan/kWh to a minimum of 0.570 Yuan/kWh; and the discharging price in peak hours reaches to a maximum of 1.068 Yuan/kWh. Under the guidance of price signals, EV users charge at a favorable charging price and discharge when the discharging price is high.
Microgrid's total load profile considering EVs' coordinated charging demand and discharging power is depicted in Figure 4 . Compared with uncoordinated charge, i.e., the microgrid provides no incentive price for EV fleet and EVs start charging at rated power once parking, penetration of coordinated EVs does not burden the microgrid in load peak hours, but rather smooths the load profile. Meanwhile, daily charging cost of EV fleet is decreased from 1134.8 Yuan to 999.0 Yuan. Taking into account the discharging profit (205.3 Yuan), the daily charging cost is further reduced to 793.7 Yuan. Therefore, the proposed incentive price mechanism is a win-win management strategy for both EVs and the microgrid. 
Planning Results and Analysis
In order to investigate the impact of EV's penetration and energy management mode on DEP, three scenarios are considered. DEP is firstly implemented without consideration of plug-in EVs (S-1). Then DEP is carried out with consideration of the uncoordinated charge of EVs (S-2), coordinated charge and discharge of EVs (S-3). Planning results when IPSPreq = 90% are demonstrated in Table 5 .
It is obvious that the planning scheme considering coordinated EVs obtains the best economy. The comprehensive cost of S-3 is reduced by 41.26% and 32.52% compared with S-1 and S-2, respectively, among which the capital cost and installation cost of DGs and ESS in particular accounts for the most cost reduction. In detail, the microgrid's need for energy storage is considerably reduced for the following two reasons. Coordinated EV charging demand and discharging power smooths the load profile in connected operation, which eases the power regulation burden of ESS. Besides, EVs' ancillary services can share the ESS's emergent power supply pressure in islanded operation. In general, the planning scheme considering coordinated EVs takes full advantage of economic power dispatch of the microgrid and mobile energy storage of EVs, thereby reducing the necessary capacity of DGs and ESS, and the comprehensive cost, accordingly.
Comparing the planning results of S-1 with S-2, though the load level is greatly increased with EVs' uncoordinated charging demand, the comprehensive cost of S-2 is instead 12.95% (1386.61 Yuan) less than that of S-1. The main cause of such result is that EV demand in this case promotes the loadgeneration matching. EV users' uncoordinated charging behaviors indicate that most EVs get charged during load valley hours from 0:00 to 6:00 when wind generation is high and PV generation is negligible. Therefore, it is more appropriate for the microgrid to plan more high cost-performance and high capacity factor WTs and utilize WT generation to meet total load demand in that time interval. In comparison, without EVs' demand to absorb the surplus WT generation power, the microgrid must intensively transmit power to the utility grid, and, accordingly, the DEP scheme of S-1 plans fewer WTs and deploys more high-cost ESSs and PVs, so as to keep the interactive power within the limit and satisfy load demand in peak hours. 
Operational Analysis of Microgrid with DGs and ESS
Microgrid structure with planned DGs and ESS in S-3 is depicted in Figure 5 . The sites of DGs and ESS are optimized in the iterative process of the two-stage heuristic algorithm, progressing 
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Comparing the planning results of S-1 with S-2, though the load level is greatly increased with EVs' uncoordinated charging demand, the comprehensive cost of S-2 is instead 12.95% (1386.61 Yuan) less than that of S-1. The main cause of such result is that EV demand in this case promotes the load-generation matching. EV users' uncoordinated charging behaviors indicate that most EVs get charged during load valley hours from 0:00 to 6:00 when wind generation is high and PV generation is negligible. Therefore, it is more appropriate for the microgrid to plan more high cost-performance and high capacity factor WTs and utilize WT generation to meet total load demand in that time interval. In comparison, without EVs' demand to absorb the surplus WT generation power, the microgrid must intensively transmit power to the utility grid, and, accordingly, the DEP scheme of S-1 plans fewer WTs and deploys more high-cost ESSs and PVs, so as to keep the interactive power within the limit and satisfy load demand in peak hours. 
Operational Analysis of Microgrid with DGs and ESS
Microgrid structure with planned DGs and ESS in S-3 is depicted in Figure 5 . The sites of DGs and ESS are optimized in the iterative process of the two-stage heuristic algorithm, progressing towards improving microgrid's power flow and decreasing the power loss. As a result, DGs and ESS are preferentially placed at heavy load nodes. Simulations results on connected and islanded operation are presented in Figures 6 and 7 . 
Connected Operation
As depicted in Figure 6 , fluctuation of ESS's SOC indicates that the ESS charges intensively during 0:00-5:00 and 21:00-24:00 when wind generation is redundant and discharges in 7:00-10:00 and 17:00-20:00 when distributed generation cannot meet the total load demand, during which the power purchasing price is the highest of 1.197 Yuan/kWh. Redundant distributed generation is not all sold to the utility grid, but is rather stored in the ESS for later power supply when distributed generation cannot meet total load demand and the electricity price is higher. Moreover, the ESS also gets charged from 10:00 to 17:00, during which distributed generation is insufficient and microgrid purchases power from utility grid to maintain power balance. Though ESS charge in this period results in an extra electricity cost, it is still necessary and cost-effective for the microgrid to get the ESS charged for the coming discharge operations at higher electricity prices. Hence, the proposed economic power dispatch strategy takes advantage of surplus distributed generation and the fluctuation of the electricity price, and forms an overall least-cost dispatch plan for the ESS and power transaction with the utility grid.
Islanded Operation
It can be observed from Figure 7 that, for 19 of 24 possible islanding hours, distributed generation and ESS discharge along with EVs' ancillary service can satisfy all the base load demand. During 0:00-7:00, 22:00-24:00 when WT generation is high and load is relatively light, surplus wind power can also meet EVs' charging demand. Typically in 10:00, the available V2G capacity reaches to a maximum of 276.06 kW and fills up 96.50% of the power vacancy. Given that the ancillary service cost is much less than that of increasing the capacity of ESS, rational utilization of EVs' ancillary service can be a cost-effective alternative for ESS in islanded operation.
Reliability Analysis
The power supply reliability of the DEP scheme is verified by the simulation results of the microgrid. The simulations are carried out in S-2 and S-3 with annual load data, wind speed and solar radiation power of a region from the National Renewable Energy Laboratory (NREL). Power demands from the microgrid to the utility grid throughout the year are depicted in Figure 8 . It is obvious that consideration of coordinated charge and discharge of EVs (S-3) can effectively reduce the reserve capacity and the dependence of the microgrid on the utility grid. The simulation results show that there are 8740 hours in S-3, 99.77% of the total year, which meet the constraint of interaction power between the microgrid and the utility grid, less than 500 kW in connected operation. By contrast, only 7542 hours in S-2, 86.09% of the total year, meet this constraint. In islanded operation, period 95.33% of possible islanding hours in S-3 is reliable in power supply when IPSP req = 90%. Therefore, in a sense, the proposed DEP scheme can ensure the reliability of the power supply.
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Sensitivity Analysis
In the former sections, we assume that all EV users are willing to provide ancillary services due to the high paybacks. However, this may not be practical for EV users with mileage anxiety. In order to further study the influence of V2G capacity on DEP, simulations are carried out in S-3 with linearly increasing participating rate of EVs. Cost related results are depicted in Figure 9 . In general, the daily comprehensive cost of DEP rises with the decrease of EVs' participating rate. It is conceivable that more DGs and ESS are planned to cope with power shortage in islanded operation when an increasing number of EV users refuse to provide delay charging and discharging services. It should also be noted that when no EV provides ancillary services, the comprehensive cost of the planning scheme in S-3 (9201.49 Yuan) is still 117.23 Yuan less than that of S-2, proving the positive impact of EVs' coordinated management on DEP.
Although a microgrid with high EV penetration is considered in this paper, it can be concluded that as long as there is an EV which responds to the dispatch of the microgrid and participates in ancillary services, the proposed strategy was validated. This is because the load curve is smoothed and the ESS capacity is reduced by EVs' coordinated management. 
Conclusions
This paper proposes a sizing and siting approach for DGs and ESS in microgrid considering the penetration of plug-in EVs. Coordinated management of EVs, economic power dispatch, and islanded operation of a microgrid are taken into account in the planning problem. A two-stage modelling framework is established to formulate the problem and a two-stage heuristic algorithm is designed to solve it.
From the simulation results for a test microgrid, it is possible to conclude that for microgrid with high EV penetration, EVs cannot be either ignored or simply considered as linear load demand in proportion to their amount in the planning stage. Proper utilization of EV's battery as energy storage can benefit the economy of DEP. With the proposed price incentive mechanism to guide EVs' coordinated charging/discharging behaviors and to promote EV's ancillary services, the planning and operating cost of DEP is reduced by 32.52%, and EV's ancillary services also show great potential in improving the power supply reliability in islanded operation. The proposed coordinated management of EVs and economic power dispatch strategy facilitates the integration of DGs and further promotes utilization of renewable energy, which can be a step towards a cost-efficient and reliable microgrid with high EV penetration. 
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φ ch E,t , φ dch E,t ESS's charging index (1 for charge, 0 for else) and discharging index (1 for discharge, 0 for else)
